Adipose-derived Mesenchymal stem cells have emerged as an attractive alternative source of cell therapy. While radiation therapy is an important application for head and neck cancer, the effect of adipose-derived mesenchymal stem cells on irradiated bone marrow-derived Mesenchymal stem cells is still unclear. Herein, we explored how clinical total radiation dose affect gene expression related with differentiation on murine bone marrow-derived mesenchymal stem cells and how murine adipose-derived mesenchymal stem cells affect irradiated murine bone marrow-derived mesenchymal stem cells. The clinical total radiation dose upregulates osterix mRNA expression. Moreover, adiposederived mesenchymal stem cells dramatically promoted the upregulation of osterix mRNA expression whereas inhibited NFATc1 mRNA expression. Taken as a whole, irradiated bone marrow-derived mesenchymal stem cells co-cultured with adipose-derived mesenchymal stem cells may exhibit osteogenic property.
Introduction
Although radiation therapy is an effective treatment modality for patients with cancer, osteoradionecrosis of the jaw is one of the severe adverse effects [1] . Osteoradionecrosis is a bone aseptic necrosis which develops on post-irradiated bone tissue of patients who underwent radiotherapy for head-neck tumors. In general, a daily fraction of radiation is almost 2 Gy and primary tumors and gross lymphadenopathy require a total of from 40 to 70 Gy or more during several weeks [2] [3] [4] . Irradiated bone is generally taken to damage the bone marrow microenvironment for stem cells [5] . Radiotherapy compromises bone regeneration and the adverse effect is dose dependent [6] .
Mesenchymal Stem Cells (MSCs) which are heterogeneous population of stem cells are capable of self-renewing and differentiating into various cell types including osteoblasts, chondrocytes, adipocytes and neural cells [7] . Bone marrow and adipose tissue are the most widely used sources of MSCs because of convenient harvest and the possible autologous application. Recent studies have shown that bone marrow-derived MSCs (BD-MSCs) and adipose tissue-derived MSC (AD-MSCs) share similar features, whereas biologic differences have been observed regarding as their proliferation rates and differentiation capacities [8] [9] . While previous studies have shown that daily dose affect cell function in BD-MSCs [10] , the effect of clinical total radiation dose remains unclear. Furthermore, we have also little information about the effect of AD-MSCs on irradiated BD-MSCs. We thus examined how clinical total radiation dose affects cell differentiation in BD-MSCs and how AD-MSCs affect irradiated BD-MSCs.
Materials and Methods

Cell culture
Murine AD-MSCs which were obtained from subcutaneous abdominal fat tissue of C57BL/6J mice at 8 weeks old (Tokyo Laboratory Animals Science) were generated as the established protocols [11] . Briefly, after washing in Hank's buffered salt solution, extracellular matrix was digested at 37°C with collagenase and centrifuged at 1,200 g, and the pellet was resuspended in NH 4 Cl; the stromal fraction was then collected by centrifugation and filtration. Murine BD-MSCs were obtained from tibia of 8-to 10-week-old female C57BL/6J mice by flushing as previously described [12] . These cells were cultured in a-minimal essential medium containing 10% FBS with antibiotics. All cultures were maintained at 37°C in a humidified air containing 5% CO 2 .
Radiation and co-culture
Murine BD-MSCs were irradiated with 40 Gy (150 kVp, 20 mA, 0.5 mm Al and 0.3 mm Cu filters) at a distance of 45 cm from the focus and a dose rate of 1.00 Gy/min using an X-irradiator (MBR-1520 A; Hitachi Koki Co., Ltd, Hitachinaka, Ibaraki, Japan). Irradiated cells were incubated in the presence or absence of murine AD-MSCs for 5 days and subsequently were harvested for quantitative real time RT-PCR analysis. The measurements are represented by the means of at least three independent experiments, with each data point based upon six replicates.
Quantitative real time RT-PCR
To validate changes in gene expression, quantitative real time RT-PCR (qPCR) analysis was performed using Applied Biosystems Prism 7900HT Sequence Detection System according to the manufacturer's instructions (Thermo Scientific, Wilmington, DE, USA) as previously described [12] . Total RNA was extracted from cells using ISOGEN (Nippon Gene, Tokyo, Japan). We used SYBR Green-based detection. Reverse-transcriptase reaction was performed with High Capacity cDNA Reverse Transcription kit (Thermo Scientific, Wilmington, DE, USA). The cDNA was amplified by PCR using specific primers for Sp7, NFATc1 (Nuclear  factor of green-based qPCR was performed using THUNDERBIRD SYBR qPCR Mix (TOYOBO,Osaka, Japan). Thermal cycling conditions were conducted as previously described [12] . Values were normalized to Actb using the 2 -∆∆Ct method. All samples were examined in triplicate assays.
Statistical analysis
Comparisons between two groups were analyzed using Student's t-tests (#p < 0.05). All values are represented as the mean ± S.E.M. Results are representative examples of more than three independent sets of experiments.
Results
We examined whether clinical total radiation dose (40Gy) affects cell differentiation in BD-MSCs. As shown in figure 1A , Sp7 mRNA which is a regulator of osteoblast differentiation had an approximately 6-fold higher level in irradiated BD-MSCs than the control significantly. However, NFATc1 mRNA, which is a regulator of osteoclast differentiation, had no significant differences compared to the control as well as PPARg2 mRNA which is a regulator of adipocytes differentiation ( Figure 1B and 1C) .
Next we examined whether AD-MSCs affect the regulators of differentiation on these irradiated cells. Irradiated BD-MSCs were co-cultured with AD-MSC. As shown in figure 2A , Sp7 mRNA had an approximately 12-fold higher level in irradiated BD-MSCs than the control significantly. Interestingly, NFATc1 mRNA expression was significantly decreased compared to the control ( Figure 2B ). As expected, PPARg2 mRNA expression was significantly increased compared to the control ( Figure 2C) .
Discussion
Although previous studies demonstrated that radiation affects osteoblast differentiation, the results of those studies were controversial. Some researchers reported that radiation (8, 10, 12 Gy) inhibited osteoblast differentiation [10] [13] [14] . In contrast, Nicolay et al. reported that osteogenic markers showed stable expression following irradiation (10 Gy) [15] . However, our results showed that clinical total radiation dose (40 Gy) has a possibility of promoting osteoblast differentiation. This discrepancy may be due to different dose of radiation. On the other hand, Cruet-Hennequart et al. demonstrated that osteogenic differentiation was induced after irradiation (10 Gy) in MSCs, suggesting that low dose of radiation induces osteoblast differentiation [16] . Further experiments are needed to comprehend the action of irradiation towards the BD-MSCs. Recent studies demonstrated that AD-MSCs displayed a significant higher proliferative rate and are more potent for osteogenic differentiation compared to BD-MSCs [17] [18]. Acceleration of the osteogenic differentiation in ADMSCs by cytokines has been reported [19] . We found that the addition of AD-MSCs to irradiated BD-MSCs induced osterix upregulation, suggesting a possibility of promoting osteoblast differentiation. We speculate that some cytokines which are produced from AD-MSCs or BD-MSCs may upregulate the transcriptional regulator of osteogenic differentiation. Garimella et al. reported that treatment with AD-MSCs reduced osteoclast precursors in bone marrow, resulting in decreased osteoclastogenesis [20] . In line with this observation, we also found that mRNA expression of NFATc1 was decreased in the coculture of BD-MSCs and AD-MSCs. Allogeneic AD-MSCs transplantation might be useful for the treatment of irradiated bone marrow.
Conclusions
We concluded that irradiated bone marrow-derived mesenchymal stem cells co-cultured with adipose-derived mesenchymal stem cells may exhibit osteogenic property.
